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In a hierarchy of increasing complexity of physical forcing mechanisms, we conduct a process-oriented study of the
Northern Canary Current System (NCCS) with a terrain-following numerical ocean model (in this case the Princeton
Ocean Model, POM) to investigate the forcing mechanisms for the classical as well as unique features of the NCCS. While
most of the NCCS features are realistically simulated, a key comparison of the results shows that unexpectedly a realistic
subsurface mesoscale feature is simulated in a flat bottom NCCS model but not in the same model with bottom topogra-
phy. We then show that this is a consequence of a numerical choice, which leads to the use of an improved technique to
smooth the bottom topography, which better preserves the raw topography and subsequently is shown to produce the sub-
surface feature. This choice is then used in the final and most realistic of the NCCS experiments, in which a high temporal
resolution study is conducted from March to September 1996 for the NCCS coastal ocean domain using daily winds and
thermohaline forcing initialized on 2 March 1996 from a one-way coupled North Atlantic Parallel Ocean Program (POP)
model updated at the lateral boundaries of the POM model every three days. A key physical result is that a dynamic flow
consistent with the Azores Current is produced in this experiment, a feature not produced in the other experiments which
used climatological data at the open boundaries. The results of these process-oriented experiments emphasize that numer-
ical models of ocean circulation require important choices, which are both numerical and physical.
 2007 Elsevier Ltd. All rights reserved.
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1.1. Background
The Canary Current System on the eastern boundary of the central North Atlantic is a classical eastern
boundary current (EBC) system. Stretching from 10N to 45N along the coasts of northwest Africa1463-5003/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ocemod.2007.02.006
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2 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36and the Iberian Peninsula, it marks the closing eastern boundary of the North Atlantic Gyre. Typical of other
EBCs, there is a mean equatorward Canary Current and a poleward undercurrent beneath the Canary Current
(e.g., Meincke et al., 1975; Fiuza et al., 1982) near Cabo da Roca (see Fig. 1 for geographic locations for the
region). There is also a poleward surface current referred to as the Iberian Current (Haynes and Barton, 1993),
which is narrow (25–40 km) and relatively weak (less than 20 cm s1). This current is usually found north of
Cabo da Roca, but it has been seen as far south as Cabo de Sao Vicente (Haynes and Barton, 1993).
Like other classical EBCs, observations of the sea surface in the NCCS region have shown highly energetic
mesoscale features such as jet-like surface currents, meanders, eddies and filaments over the broad climatolog-
ical mean flow of the Canary Current. Satellite sea surface images have shown nearshore upwelling during peri-
ods of upwelling favorable winds with several narrow filaments of cooler water extending off the coast of the
Iberian Peninsula (Fiuza and Sousa, 1989) and Cape Ghir in northwest Africa (Van Camp et al., 1991; Hagen
et al., 1996). Observations have also shown mesoscale eddies on the order of 100 km off the Iberian Peninsula
coast (Fiuza, 1984). These mesoscale features have been observed during periods of predominantly upwelling
favorable winds and appear to be located near prominent coastline irregularities such as capes.
A unique feature that distinguishes the NCCS from other EBCs is the existence of Mediterranean Outflow
through the Strait of Gibraltar into the adjacent Gulf of Cadiz, yet another unique feature. A large embay-
ment, the Gulf of Cadiz’s pronounced east–west coastline orientation is thought to result in weaker upwelling
in the Gulf of Cadiz than to the north or south of the Gulf of Cadiz due to the predominantly equatorward
trade wind direction. The Gulf of Cadiz also is thought to create a large separation between the two west coast
upwelling regimes so that no continuous flow between the two appears to exist (Barton, 1998).Fig. 1. Model domain for the Northern Canary Current System (NCCS) is bounded by 31.5–41.5N, 16.5–6W. Geographical locations
are labeled.
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Numerical studies suggest that baroclinic instability of the northward dense plume of salty Mediterranean
Outflow along the Iberian Peninsula continental slope leads to the generation of these anticyclonic features
which start out as meanders and end up as Meddies (Kase et al., 1989). As a result of numerous observations
over the past decade, the primary generation region of these subsurface anticyclonic features is widely
accepted to be off Iberia.
1.2. Previous modelling studies
Over the past few decades, numerous wind-forcing models of EBCs have been conducted, particularly for
the California Current System (CCS), the classical EBC system. Early studies included steady wind stress
(Pedlosky, 1974) and transient wind forcing (Philander and Yoon, 1982). The response of reduced gravity
models to realistic coastal winds was investigated by Carton (1984) and Carton and Philander (1984). A series
of experiments was also conducted by McCreary et al. (1987) using a linear model with both transient and
steady wind forcing in the CCS. These previous models produced weak currents (5–10 cm s1), and no eddies
or filaments.
Modeling studies have also focused on the driving mechanisms of complex features, such as filaments and
eddies observed in EBC regions. While Ikeda et al. (1984a,b) and Haidvogel et al. (1991) studied baroclinic
and barotropic instability, coastline irregularities, and bottom topography as possible mechanisms, Batteen
et al. (1989), McCreary et al. (1991) and Pares-Sierra et al. (1993) studied wind forcing as a possible generative
mechanism, Batteen (1997) and Batteen et al. (2003) studied the effects of coastline irregularities and seasonal
winds, and Batteen and Vance (1998) studied the additional effects of thermohaline gradients. The results
showed that wind forcing was the dominant process responsible for many of the observed features of the
CCS.
Until the last decade, there were fewer modeling studies of the NCCS than the CCS. McLain et al. (1986)
performed the first limited-modeling study in the NCCS region, using ship-derived winds to produce a large
negative wind stress curl off the northwest coast of Iberia. This resulted in opposing equatorward and pole-
ward surface currents. Batteen et al. (1992) used an eddy resolving primitive equation model with both uni-
form and variable wind stress, the latter produced from synoptic surface pressure analyses, to produce
realistic currents as well as mesoscale eddies. Both studies, however, only covered a limited region of the
NCCS (i.e., the northwest coast of Iberia) and had a straight coastline in their model domain.
An example of a more recent study in the NCCS used a z-coordinate model with 4.6 km horizontal reso-
lution and 36 vertical levels to follow the spreading of the Mediterranean Outflow along the Iberian coast
(Johnson et al., 2002). The model was forced with monthly averaged European Center for Medium Range
Forecasts (ECMWF) winds from 1986 to 1988. The model output was compared to CTD, limited current
meter, and RAFOS float observations collected as a part of the CANIGO project in 1997 and 1998. The Med-
iterranean Outflow water hugged the coast until it reached Cabo de Sao Vicente, where Meddies were
produced at irregular intervals of time. The Meddies generated by their model were larger (65 km diameter,
vice the observed 50 km) and had a longer rotation period (15 days instead of 6–8 days) than observed Med-
dies. The authors attributed this to the resolution of the model and suggested that finer horizontal resolution
than the 4.6 km used may be necessary to adequately model Meddies.
Other modelling studies have considered thermohaline forcing as a generation mechanism for the poleward
Iberian Current (e.g., Batteen et al., 2000). One such experiment (Peliz et al., 2003) used the sigma coordinate,
curvilinear grid Regional Ocean Modeling System (ROMS) on a relatively small domain (37–43N and 8.5–
13.5W) with a maximum depth of 1200 m. The model was run with the thermohaline gradient only with no
wind forcing. The model, as expected, produced a poleward surface current. A poleward current was similarly
developed in another study (Coelho et al., 1999) using the thermohaline gradient and a weak wind forcing
typical of springtime winds in a double sigma coordinate model. Another study (Coelho et al., 2002) showed
that when run without wind forcing, the model produced a poleward surface current that was too broad and
strong. The study also showed variability in the current when observed winds from a particular year (1994)
were used to force the model. The authors pointed out, however, that 1994 was an anomalous year with a
low upwelling index in the summer.
Table 1
Summary of experimental design
Experiment
number
Type of wind forcing Type of thermohaline forcing Type of bottom
topography
1 Annual Horizontally averaged, annual climatology Flat bottom
2 Annual Horizontally averaged, annual climatology Smoothed with a
Gaussian 2D filter
method
3 Annual Full, annual climatology Smoothed with a
Gaussian 2D filter
method
4 Annual Full, annual climatology Smoothed with the direct
iterative method
5 Daily wind stresses from NOGAPS from
March to September 1996
Initialized from POP Model on 2 March 1996
and updated at boundaries every 3 days
Smoothed with the direct
iterative method
Fig. 2a. Wind stress vector and magnitude (in color) in Pascals calculated from annual climatological ECMWF winds obtained from
Trenberth et al. (1990).
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The objective of this study is to investigate the simulation of classical as well as unique features in the
NCCS. The Princeton Ocean Model (POM) (Blumberg and Mellor, 1987; Mellor, 2004), a bottom following
sigma coordinate model, was chosen for this study because it has been widely used to simulate coastal pro-
cesses associated with continental shelf flows and bottom boundary layer dynamics. Several process-oriented
experiments of increasing complexity (see Table 1) are explored. The basic approach in carrying out the first
three experiments has been to change only one parameter for each case. By comparing and contrasting the
results of each experiment, we gain a better understanding of the importance of each parameter.
This study is organized as follows. In Section 2 we briefly describe the POM numerical model. The specific
data sets, experimental conditions, and results of the annually forced numerical experiments are presented in
Section 3. In Experiment 1 wind forcing on a flat-bottomed ocean in the NCCS is explored using climatolog-
ical winds (see Fig. 2a). Experiment 2 is the same as Experiment 1 except that bottom topography (see Fig. 3b)
has been incorporated. Experiment 3 adds the additional effect of full annually averaged climatology (see Figs.
4a and 4b). While most of the NCCS features are realistically simulated, a key comparison of the results shows
that unexpectedly a realistic subsurface mesoscale feature is simulated in a flat bottom NCCS model but not inFig. 2b. Monthly wind stress vector (Pa) (arrows) and intensity (Pa) (in color) for April 1996.
6 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36the same model with bottom topography. To help explain some of the unexpected results, a boundary layer
theory is developed and presented in Section 4, and used to show that the unexpected result is a consequence
of a numerical choice. This leads to the use of an improved technique to smooth the bottom topography,
which better preserves the raw topography and is shown in Experiment 4 in Section 5 to subsequently produce
the subsurface feature. This choice is also used in the final and most realistic of the NCCS experiments, Exper-
iment 5, in which a high temporal resolution study is conducted. The specific data sets, experimental condi-
tions, and results of this experiment are presented in Section 6. A summary is presented in Section 7 (see
Fig. 3c).
2. Model description
The POM, a well documented model (e.g., Blumberg and Mellor, 1987; Mellor, 2004), was used in the
model studies. POM is a primitive equation, free surface model with a second-moment turbulence closure
scheme (Mellor and Yamada, 1982) that, through the use of bottom-following sigma levels, can realistically
simulate processes associated with continental shelf flows and bottom boundary layer dynamics in local
domains (e.g, bays, estuaries and coastal regions). The model has also been used to simulate decadal processes
in entire ocean basins (see Ezer and Mellor, 1994, 1997).Fig. 2c. Monthly wind stress vector (Pa) (arrows) and intensity (Pa) (in color) for July 1996.
Fig. 3a. Original topography (from Smith and Sandwell, 1997) with a resolution of 2 min.
Fig. 3b. Smoothed topography, depths in m, obtained from Smith and Sandwell (1997) after applying a linear two-dimensional low-pass
filter.
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Fig. 3c. Smoothed topography, depths in m, obtained from Smith and Sandwell (1997) after applying the new one-dimensional, iterative
smoothing technique.
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variable grid allows the use of more (less) points in regions of large (small) gradients in shallow waters.
The 21 sigma level values used for the NCCS range from zero at the surface to minus one at the bottom
with the vertical grid spacing proportional to the ocean depth. The vertical resolution has been chosen to
be higher near the surface and the bottom in order to resolve both the surface boundary layer and the bottom
boundary layer, which are important in coastal regions. To eliminate the time constraints for the vertical grid
related to the higher resolution near the surface, bottom and shallow waters, an implicit time differencing
scheme in the vertical is used.
The prognostic variables of the model are potential temperature, salinity, density, the three components of
velocity, surface elevation, turbulence kinetic energy and length scale. The model uses a split time step for the
external and internal modes. The external mode solves the equations for the vertically integrated momentum
equations. It also provides the sea surface and barotropic velocity components, and has a time step of 6 s. The
internal mode solves the complete 3D (baroclinic) equations and has a time step of 180 s.
A Smagorinsky formulation (Smagorinsky et al., 1965) is used for the horizontal diffusion in which the hor-
izontal viscosity coefficients depend on the grid size, the horizontal velocity gradients and a Smagorinsky coef-
ficient. In this study a value of 0.2 was assigned to this coefficient, consistent with other POM studies (e.g, Ezer
and Mellor, 1997).
All choices for processes and values used in the model are the default POM parameters unless specifically
described otherwise here. This formulation for the model is documented in detail by Mellor (2004).
3. Annually forced experiments
3.1. Data sets
The topographic data of the NCCS study region were obtained from the Institute of Geophysics and Plan-
etary Physics, University of California San Diego (Smith and Sandwell, 1997). The data set has a resolution of
Fig. 4a. Levitus annual climatological surface temperature (C).
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the ship data is sparse, altimetry information was used to interpolate soundings.
Annually averaged climatological temperature and salinity values were obtained from Levitus and Boyer,
1994 and Levitus et al. (1994). These data sets incorporate a 1  1 horizontal resolution and have 33 vertical
levels.
For wind forcing, climatological wind fields were obtained from the ECMWF near-surface wind analyses
(Trenberth et al., 1990). The wind data are formulated on a 2.5  2.5 grid.
3.2. Pre-processing
The original topography (Fig. 3a) was interpolated with a two-dimensional (2D) linear interpolation filter
to the resolution used in the POM model, i. e., 3  3.7 km near the coast and 6  7.4 km away from the coast,
with a total of 287  241 points. The highest resolution was used where the values of the ‘slope parameter’
(defined by Mellor et al. (1998), as jdH j
2H
, where H is the average depth and dH is the difference in depth between
two adjacent cells), were the largest in both the latitude and longitude directions. Since over much of the
Fig. 4b. Cross-section at 36N of Levitus annual climatological salinity.
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sigma coordinate models (Mellor et al., 1998), the topography was smoothed with a linear two-dimensional
(2D) low-pass filter in order to meet this criterion. The new depth of each point calculated with this filter
was a non-weighted average of 15  15 points surrounding the point. Subsequently depths greater than
2500 m were reassigned to depths of 2500 m, the coastline was drawn at the depth of 10 m (to avoid divisions
by zero in the model) and the Strait of Gibraltar was closed. The resulting smoothed topography to be used in
Experiments 2 and 3 is shown in Fig. 3b.
When the model was initialized with the horizontally averaged annual climatological temperatures and
salinities, a realistic coastline and topography, and no wind or thermohaline forcing, the pressure gradient
force errors resulted in velocities on the order of 100 cm s1 occurring over the steep continental margin in
the NCCS. We considered several techniques to reduce the pressure gradient errors including smoothing
the topography (as already discussed above), using the highest possible resolution, subtracting the horizontally
averaged density before the computation of the baroclinic integral, and using a curvilinear grid that follows
the bathymetry (Mellor et al., 1998).
In this study Mellor’s first three techniques were used. The bathymetry-following curvilinear grid could not
be used because the unique geography of the Gulf of Cadiz would have given rise to singular points. Following
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 11Mellor’s general technique, the pressure gradient force error was reduced from 100 cm s1 to less than
0.5 cm s1 by day 10 (not shown) in this model. As expected, the maximum errors of 0.5 cm s1 occurred
over the continental margin where the slope parameter is the largest.
The daily climatological winds were averaged over time in order to obtain the annual non-weighted average
wind vector field (Fig. 2a). The wind vectors were interpolated for the horizontal spatial resolution of the
model with a 2D linear interpolation scheme. The components of the wind stress were then calculated.
The annual temperature and salinity values were interpolated for the horizontal spatial resolution of the
model and for the 21 vertical sigma levels using a three-dimensional (3D) linear interpolation scheme. The
interpolation had to be done separately for smoothed topography and flat bottom experiments. The temper-
ature field at the near-surface (sigma level one) is shown in Fig. 4a, while a typical cross-section of salinity is
shown in Fig. 4b.
Even though the topography field produces a closed Strait of Gibraltar, the Mediterranean Outflow is
represented as an initial condition by the annual temperature and salinity values (see Figs. 4a and 4b). Since
the model runs reach a quasi-equilibrium state in a relatively short time (26 days, not shown), the ongoing
addition of heat and salinity is not required to maintain the Mediterranean Outflow.Fig. 5a. Surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for Experiment 1 on day 40.
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The model was run on a beta plane and was initialized with annual temperature and salinity values obtained
from Levitus and Boyer (1994) and Levitus et al. (1994). As stated earlier, since the model runs reached a quasi-
equilibrium state in a relatively short time (26 days, not shown), zero salinity and temperature fluxes have
been prescribed at the ocean surface. The climatological surface temperature (Fig. 4a) shows a latitudinal
decrease in temperature from south to north. A cross-section for salinity at 36N (Fig. 4b) shows the Mediter-
ranean Water signature at 1200 m depth with salinity values of 36.1. In the upper 300 m the North Atlantic
Ocean waters are found, with the characteristic high salinity values. A cross-section for temperature at the same
location (not shown) shows below1000 m depth a downward sloping of the isotherms approaching the coast,
which is consistent with the presence of warm Mediterranean Water and of a poleward flow.
In the first four experiments, the model was forced from rest with the annual ECMWF wind fields, which
were interpolated for the model grid. As expected, the wind stress is stronger in the southern region of the
model domain and weaker off Iberia and in the Gulf of Cadiz (Fig. 2a).Fig. 5b. Surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for Experiment 2 on day 40. Contour at 200 m depth is
shown.
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reflections, clamping, spurious currents or numerical alteration of the total volume of water in the model.
No general criteria can provide the answer to what boundary conditions are the best for a specific model
or study. For models with a free surface, such as used here, one of the important criterion is that the boundary
conditions should be transparent to the waves. In these experiments, a gradient boundary condition (Chap-
man, 1985), which allows geostrophic flow normal to the boundary, worked best for the elevation. For the
baroclinic velocity components normal to the boundary, an explicit wave radiation scheme based on the Som-
merfeld radiation condition was used. For inflow situations, the model was forced with annual temperature
and salinity values obtained from Levitus and Boyer (1994) and Levitus et al. (1994), while in outflow situa-
tions an advection scheme was used.
For the barotropic velocity components, Flather (1976) developed a radiation condition, based on the Som-
merfeld equation combined with the continuity equation, which allows radiation of wave energy across the
boundary while allowing conservation of mass inside the model domain. Palma and Matano (1998) reformu-
lated this scheme using the Roed and Smedstad (1984) technique, which breaks the velocity into both global
and local components. This open boundary condition, called the Flather radiation plus Roed local solution byFig. 5c. Surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for Experiment 3 with wind forcing at day 40. Contour at
200 m depth is shown. Note that the surface poleward Iberian Current is also discernible at 80 km offshore.
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this boundary condition during tests to determine the boundary condition’s response to an alongshelf wind
stress. Palma and Matano (1998) also showed that the boundary condition demonstrated good reflection
properties and results in a test that determined the boundary condition response to the combined action of
wind forcing and wave radiation. Their tests were executed with the barotropic version of POM and compared
well with benchmark results (no boundary conditions).3.4. Results of Experiment 1 – effects of wind forcing
In Experiment 1 (see Table 1), the model was initialized with the horizontally averaged annual climatolog-
ical temperatures and salinities. A realistic coastline and flat bottom (constant depth of 2500 m) were used,
and the model was forced with annual climatological winds.
As expected, the stronger winds at the southward end of the model result in cooler temperatures associated
with relatively strong upwelling in the coastal region south of Cape Beddouzza (Fig. 5a, see Fig. 1 for
geographical locations not seen on this and the following figures). For example, the offshore extent of
the 17 C isotherm is at 300 km off Cape Ghir and at 60 km off Cabo de Sao Vicente. The minimumFig. 6a. Cross-section of meridional velocity (m s1) at 37.4N for Experiment 1 on day 40.
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weaker.
Throughout the model domain, there are predominantly southward surface currents (Fig. 5a). The stronger
currents tend to be found near coastline features, e.g., off Cabo da Roca and off Cape Ghir, with maximum
speeds of 60 cm s1 in the coastal region between Cape Beddouzza and Cape Ghir. The undercurrent is pre-
dominantly poleward, in the opposite direction of the surface flow (Fig. 6a).
There is evidence of filament activity off Cabo da Roca, off Cabo de Sao Vicente, and off Cape Ghir
(Fig. 5a). The development of mesoscale features such as meanders is also evident in almost all of the coastal
domain with the more developed features near coastline irregularities, i.e., Cabo da Roca, Cabo de Sao Vice-
nte, Cape Ghir and Cape Beddouzza. The development of some smaller mesoscale features in the region of the
Gulf of Cadiz is also discernible (Fig. 5a).
Also apparent in the model results is the development of subsurfaceanticyclonic eddies (not inconsistent
with the characteristics of Meddies) (e.g., Figs. 7b, 7c, and 8a) off Cabo da Roca and off Cabo de Sao Vicente
A cross-section of salinity at 39.1N off Cabo da Roca (see Fig. 7a) shows a salty core between 800 and
1300 m depth, which is associated with the signature of Mediterranean Water. It has been suggested (e.g.,
Kase et al., 1989) that the Meddies are generated by the basic instability of the equatorward coastal jet
and the poleward undercurrent. The deep origin, warm, salty signature and anticyclonic rotation of theFig. 6b. Cross-section of meridional velocity (m s1) at 37.4N for Experiment 2 on day 40.
Fig. 6c. Cross-section of meridional velocity (m s1) at 37.4N for Experiment 3 with wind forcing on day 40.
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region (e.g., Richardson and Tychensky, 1998; Kase et al., 1989).
3.5. Results of Experiment 2 – additional effects of bottom topography
In Experiment 2 (see Table 1), the model was initialized with the horizontally averaged annual climatolog-
ical temperatures and salinities. A realistic coastline and bottom topography (instead of a flat bottom as in
Experiment 1) were used along with forcing by the annual climatological winds.
The velocities in the coastal areas in Experiment 2 (Fig. 5b) are roughly 50% higher than the ones in Exper-
iment 1 (e.g., compare with Fig. 5a). The velocities in Experiment 2 also have the highest magnitudes at
15 km offshore (near the shelf break) instead of at the coast as in Experiment 1. A comparison of the
16 C isotherm between the experiments (Figs. 5a and 5b) shows that the extent of the upwelled waters to
the south in Experiment 2 is much less than in Experiment 1, particularly off Cape Ghir. This can be explained
by the presence of bottom topography which traps the flow and opposes the tendency for westward propaga-
tion due to the planetary beta effect. This is not the case, however, in the Gulf of Cadiz where the continental
shelf is much wider (see Figs. 3a and 3b) with the result that in the Gulf of Cadiz, Experiment 2 shows a wider
spreading of the upwelled waters than in Experiment 1.
Fig. 7a. Cross-section at 39.1N of salinity for Experiment 1 at day 60. Note the higher salinity band of water between 800 m and
1300 m depth which is indicative of the Mediterranean Outflow (MO) water. Within this band of MO water the closed 35.87 contour east
of 9.7W outlines the center of the high salinity core of the Meddy.
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phenomena in Experiment 2 are a surface eddy off Cabo da Roca and a meander off Figueira da Foz (Fig. 5b).
The meander off Figueira da Foz, which was not seen in Experiment 1, is associated with a prominent topo-
graphic feature (see Figs 3a and 3b) off an almost straight coastline, which shows that bottom topography can
play an important role in the development of mesoscale features.
Note that the core of the undercurrent in Experiment 2 is deeper than in Experiment 1 (compare
Figs. 6a and 6b). In Experiment 2 the undercurrent is below 600 m while in Experiment 1 it is shallower.
This is a likely cause for the decrease of mesoscale activity in Experiment 2, since the deepening of the under-
current results in weaker vertical and horizontal shears, which can cause a reduction in the baroclinic and
barotropic instabilities responsible for the generation of mesoscale features (Batteen, 1997; Roed and Shi,
1999). The presence of a linearly sloping bottom at the continental slope can also produce barotropic shear
waves which have been demonstrated to be more stable than those found in flat bottom cases (Gawarkiewicz,
1991).
Deep eddy formation also occurs in Experiment 2 off Cabo da Roca (Fig. 8b); however, unlike Experiment
1, no eddy forms off Cabo de Sao Vicente. Since this same result occurs in Experiment 3 (see below), the
reason for the lack of formation will be pursued in Section 4.3.6. Results of Experiment 3 – additional effects of thermohaline forcing
In Experiment 3, the combined effects of thermohaline forcing, bottom topography, and wind forcing were
explored. The model was initialized with the annual climatological temperatures and salinities, which were not
horizontally averaged (see Table 1). A realistic coastline and bottom topography were used.
Fig. 7b. Plan view of salinity for Experiment 1 at day 60 at a depth of 1200 m showing the slightly more saline core of water inside the
Meddy off Cabo da Roca. The arrows denote the velocity showing the anticyclonic rotation around the Meddy.
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Figs. 6b with 6c). This is due primarily to the combined effects of wind and thermohaline forcing, since both
experiments included the same bottom topography. The equatorward surface coastal current is weaker
because the thermohaline forcing opposes the wind forcing; it is also narrower because the opposing poleward
surface current (i.e, the Iberian Current) traps the equatorward surface current near the coast. The surface
poleward Iberian Current present in the northern region of the model opposes and overcomes the forcing
by the weaker equatorward wind stress (Fig. 2a) to the north. In contrast, to the south in the Gulf of Cadiz,
which is an area of weak wind stress, the horizontal thermohaline gradient is not strong enough to overcome
the effects of the wind stress in this region so no surface poleward current is discernible.
The combined effects of thermohaline forcing, bottom topography, and wind forcing also result in the shal-
lowest and strongest undercurrent of all the experiments (Fig. 6c). The resulting increase in vertical and
horizontal shear is responsible for the subsequent increase in barotropic and baroclinic instabilities and
resulting increased mesoscale activity (Fig. 5c).
Like Experiment 2, deep eddy formation occurs in Experiment 3 off Cabo da Roca while no eddy formation
occurs off Cabo de Sao Vicente (Fig. 8c). The reason for the lack of formation off Cabo de Sao Vicente will
now be discussed.4. Boundary current separation
Here we first review the theory of boundary current separation used for the Gulf Stream in a flat bottom
case (Section 4.1). Next we expand the theory to the NCCS and develop a scaled approximation of boundary
Fig. 7c. Plan view of temperature for Experiment 1 at day 60 at a depth of 1200 m showing the slightly warmer core of water inside the
Meddy off Cabo da Roca. The arrows denote the velocity showing the anticyclonic rotation around the Meddy.
Fig. 8a. Velocity vectors depicting the deep undercurrent at 1000 m depth at day 60 for Experiment 1.
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Fig. 8b. Velocity vectors depicting the deep undercurrent at 1000 m depth at day 60 for Experiment 2.
Fig. 8c. Velocity vectors depicting the deep undercurrent at 1000 m depth at day 75 for Experiment 3.
20 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36current separation which includes the vortex stretching term (Section 4.2). Finally, in Section 4.3, we provide
estimates in the NCCS of the critical streamline radius of curvature. As a result, we will show here how model
resolution and bathymetry smoothing could prevent separation of submesoscale coherent vortices (Meddies)
from the deep undercurrent at Cabo de Sao Vicente and why separation can occur off Cabo da Roca.
4.1. Theory
Boundary layer separation is one of the ways for the formation of eddies and occurs when a nearly inviscid
fluid lying just outside the boundary layer encounters an adverse pressure gradient and undergoes an appre-
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 21ciable deceleration (Batchelor, 1967). According to Marshall and Tansley (2001), the downstream pressure
variations are determined by three large-scale dynamical processes: the beta effect, vortex stretching and
changes in the streamline curvature.
A cursory overview of the Marshall and Tansley (2001) derivation is presented here (For complete details of
the derivation and for orientation of the area ABCD in (4) below, see Marshall and Tansley, 2001). Their der-
ivation considered the quasi-adiabatic, steady-state equations of motion with density as a vertical coordinate:~u  r~uþ f~k ~uþrðMÞ
q
¼ 0 ð1Þ
r  ðh~uÞ ¼ 0 ð2Þwhere~u is the isopycnal velocity, $ is the lateral gradient operator along isopycnals, f is the Coriolis param-
eter, M = p + qgz is the Montgomery potential, p is the pressure, q is density, g is the gravitational acceler-
ation, z is height and h ¼ ozoq is the isopycnal thickness. The absolute vorticity equation obtained by taking
the curl of (1) is:r  ðf~uÞ þ~u  rf ¼ f
h
~u  rh ð3Þwhere f is the vertical component of the relative vorticity. Assuming that the coastline is to the left of the
boundary current, then Marshall and Tansley (2001) obtained (4) after integration over a rectangular area



















ð4Þwhere b ¼ ofos, s and n are the natural coordinates, R is the radius of curvature of the streamlines and v is the
velocity in natural coordinates. In this coordinate system s is positive in the downstream direction of the velo-
city, n is perpendicular to s with positive n to the left in the direction of the flow. In the downstream distance
($s) is approximately the same as the radius of curvature R.
Note that the first term on the right-hand-side of Eq. (4) is the beta effect, the second the vortex stretching
and the third the coastline curvature. In the case studied by Marshall and Tansley (2001) with the coast on the
left side of the boundary current and an anticyclonic current (corresponding to the case of the Gulf Stream), in



















< 0 ð5ÞIn the Gulf Stream case, the beta term is always positive and works to accelerate and therefore stabilize the
current and inhibit separation. In contrast, the vortex stretching acts to decelerate the current, thus enhancing
separation. For the coastline to induce separation it is necessary for the vortex stretching and curvature terms
to overcome the stabilizing effects of the beta term. In the case of flat bottom there is no vortex stretching so




ð6Þ4.2. Development of scaled approximation
This theory is now developed further so that it can be extended for an eastern boundary case (e.g., off Cabo
de Sao Vicente). For this case where the coastline is to the right of the cyclonic boundary current (as off




















22 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36In (7), the area ABCD (see Fig. 9) is bounded by two streamlines, one lying at the outer edge of the viscous
boundary layer (AD) and the other at the outer edge of the inertial boundary current (CB), and by two con-
tours normal to streamlines (AB) and (CD). In this case, the beta term is always positive and works to decel-
erate the boundary current, enhancing separation, while the vortex stretching term now acts to accelerate the
current, thus inhibiting the separation of eddies from the current. In order for separation to occur, the effects
of vortex stretching must be overcome by the combination of streamline curvature and the beta effect.
To estimate the magnitude of each of these terms and to study their subsequent effects on separation of the







> 0 ð8ÞHere all symbols are the same as in inequality (7) except that d is the current width, Ds is the downstream
length of the current considered, and U is a typical current speed. By solving this equation for R, a general
condition is obtained for the maximum radius of curvature of a cape which allows separation to occur within
a given current. This condition is given byR <
U
f rhh  b
 !1=2
ð9Þ4.3. Estimations of the critical radius of curvature
Using inequality (9), a critical streamline radius of curvature can be estimated for the smoothed-topogra-
phy model run and for the raw topography at both Cabo de Sao Vicente and Cabo da Roca. For a cyclonically
turning current with the coastline on its right, as is the case when considering the deep undercurrent at Cabo
de Sao Vicente and Cabo da Roca, it should be possible for the eddy to detach from the current if the actual
radius of curvature is less than this critical radius value and it should not detach if the radius is larger than the
critical value. Typical values of U  0.2 m s1, b*  1011 m1 s1, f  4  105 s1, h =  1200 m, and
Ds  R are used in the calculations for all cases. Only the values for R and $h are different for each case. These
values, estimated from the topography (Figs. 3a and 3b) are listed in Table 2.
It should be noted that inequality (6), derived by Marshall and Tansley (2001) and summarized in Section
4.1, applies to the western boundary case. For eastern boundary currents, the beta effect always encouragesArea ABCD used in (7) extending across an eastern boundary current. The area ABCD is bounded by two streamlines, one lying at
ter edge of the viscous boundary layer (AD) and the other at the outer edge of the inertial boundary current (CB), and by two
rs normal to streamlines (AB) and (CD). (Adapted from Marshall and Tansley, 2001).
Table 2
Summary of gradient and radius of curvature values for the cases of flat bottom, smoothed topography, and the raw topography at Cabo




Smoothed Topo 0.015 16
Real Topo 0.05 11
Cabo de Sao Vicente
Flat bottom 5
Smoothed Topo 0.014 55
Real Topo 0.028 6
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 23separation, so the only stabilizing effect in inequality (8) is the vortex stretching term. This term vanishes in the
flat-bottom approximation, allowing the possibility of separation for any radius of curvature. With actual
radii in the model of 8 km at Cabo da Roca and 5 km at Cabo de Sao Vicente, eddies should be able
to detach from the current at both locations in the flat-bottom case.
Using inequality (9), a critical radius of curvature of 20 km is estimated for the smoothed-topography
model run at Cabo da Roca. The actual radius is less than the critical value at 16 km, so eddies should
be able to detach from the current at this location. A critical radius of 21 km is estimated at Cabo de
Sao Vicente. With an actual radius of 55 km, eddies should be inhibited from detaching at this location
as seen in the model results for Experiments 2 and 3.
Critical radii of 11 km and 15 km for Cabo da Roca and Cabo de Sao Vicente respectively were estimated
for the real world case using estimated values from the raw topography set. With actual radii of 11 km and
6 km, eddies should be able to separate from the current according to the theory and eddies have been
observed to separate at both locations.
4.4. Dynamical analyses
It is important to note that on a larger scale (e.g., all along the western coast of the Iberian Peninsula),
baroclinic instability plays a role in the formation of meanders and eddies (e.g., Batteen and Rutherford,
1990; Batteen et al., 1992), which could also play a role in the detachment of submesoscale mesoscale vortices
(Meddies) from the boundary current along the coast. As a result, the theory presented in Section 4 cannot be
directly proven by comparisons with the model results in Section 3 and observations. (For further discussion
of the role of baroclinic instability, see Batteen (1997).) However, these comparisons can be used to show that
the theory is consistent with both the model results and observations. Here we show the consistency of the
theory using an Eulerian approach.
Here the values for each term in inequality (8) are calculated at Cabo da Roca and Cabo de Sao Vicente for
flat bottom, smoothed topography (see Fig. 3b), and the raw topography (Fig. 3a). As in the calculations in
Section 4.3, typical values of U  0.2 m s1, b*  1011 m1 s1, f  4  105 s1, h =  1200 m, and Ds  R
were used for all cases. Only the values for R and $h are different for each case. These values, estimated from
the topography (Figs. 3a and 3b) are listed in Table 2.
A summary of all calculations is shown in Table 3. Let us examine Cabo da Roca first. For the flat bottom
case, separation should occur since inequality (8) sums to a positive number. Consistent with this theory, the
model did produce an eddy at this cape for this case (Experiment 1). For the smoothed topography cases, there
is an increase in stability in this case due to adding the vortex stretching term. However, since the radius of
curvature has increased only slightly, an eddy is still produced for the smoothed topography cases (e.g., Exper-
iments 2 and 3).
At Cabo de Sao Vicente, the flat bottom case still yields a positive sum to inequality (8) and, as before, the
model produces an eddy. When the smoothed topography is introduced, however, not only is the stabilizing
effect of vortex stretching introduced but, unlike at Cabo da Roca, the radius of curvature has also signifi-
cantly increased (from 5 km to 55 km). This relatively large increase in the radius yields a negative number
Table 3
Summary of separation calculations for the cases in Table 2





vdA  R RABCD fh~u  rhdA R v2R dnh iCDBA




Flat bottom 6  104 N/A 0.2 0.2 Yes Yes
Smoothed Topo 1  103 0.1 0.1 0 Maybe Yes
Real Topo 9  104 0.15 0.15 0 Maybe Yes
Cabo de Sao Vicente
Flat bottom 4  104 N/A 0.3 0.3 Yes Yes
Smoothed Topo 4  103 0.21 0.03 0.18 No No
Real Topo 5  104 0.04 0.27 0.23 Yes Yes
24 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36for inequality (8), indicating that no separation should occur. As predicted by the theory, the model does not
produce an eddy in the smoothed topography cases (e.g., Experiments 2 and 3). Note that at Cabo de Sao
Vicente, the radius of curvature at 1200 m depth in the raw topography (see Fig. 3a) is very close to the radius
of curvature of the coastline in the flat-bottomed case (i.e., 6 km vs. 5 km). The calculations for the raw topog-Fig. 10a. Raw topography for the Northern Canary Current System, depths in m. Contour lines at 100 m, 200 m, 500 m and 1000 m
depth.
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 25raphy produce a positive number for inequality (8) indicating that separation of eddies should occur off Cabo
de Sao Vicente, consistent with observations (Richardson and Tychensky, 1998).5. Results of Experiment 4 – iterative topography experiment
The results above show, consistent with the model results, how separation of submesoscale coherent vor-
tices (Meddies) from the deep undercurrent could occur off Cabo da Roca. They also have shown how model
resolution and bathymetry smoothing could prevent separation of Meddies from the deep undercurrent off
Cabo de Sao Vicente.
Since the lack of eddy separation off Cabo de Sao Vicente is a consequence of a numerical choice, i.e., in
this case, bathymetry smoothing, an alternative type of smoothing the topography, called a one-dimensional
direct iterative method (Martinho and Batteen, 2006) is now applied to the NCCS. A comparison by Martinho
and Batteen (2006) of the traditional 2D smoothing with Gaussian filters (as used in Experiments 2 and 3)
(Fig. 10b) with this alternative method (Fig. 10c) shows that the iterative method better preserves the raw
topography (Fig. 10a).
As a result in Experiment 4 (see Table 1), we have replaced the traditional 2D smoothing the topography
with Gaussian filters used in the previous experiments with the one-dimensional direct iterative method of
smoothing the topography. Except for the topography, the same forcing conditions (see Table 1) are used.Fig. 10b. Topography smoothed with a Gaussian two-dimensional filter method for the Northern Canary Current System, depths in m.
Contour lines at 100 m, 200 m, 500 m and 1000 m depth.
Fig. 10c. Topography smoothed with the direct iterative method for the Northern Canary Current System, depths in m. Contour lines at
100 m, 200 m, 500 m and 1000 m depth.
Fig. 11a. Salinity (in color) and velocity vectors (m s1) (arrows) at 1250 m depth at day 4. for Experiment 4.
26 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36
Fig. 11b. Salinity (in color) and velocity vectors (m s1) (arrows) at 1250 m depth at day 21 for Experiment 4.
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 27Specifically, the model is initialized with the full annual climatological temperatures and salinity and annual
wind forcing.
Like the previous experiments, following the development of the poleward undercurrent (Fig. 11a), an anti-
cyclonic eddy develops off Cabo da Roca (Fig. 11b). Unlike the previous Gaussian smoothed topography
experiments, an anticyclonic eddy develops to the west of Cabo de Sao Vicente (Fig. 11b). Below we use this
alternative method of smoothing the topography for the NCCS in the final experiment, Experiment 5 (see
Table 1), which we will now discuss.6. Experiment 6 – high temporal resolution experiment
6.1. Model output used to initialize and force lateral boundaries of POM
The model output used to initialize and force the lateral boundary conditions of POM are from a high-res-
olution North Atlantic basin configuration of the POP model (McClean et al., 2002). The spatial domain of
the POP model is 20S–72N, 98W–17E, which includes the Gulf of Mexico and the Western Mediterranean.
It is configured on a Mercator grid, producing horizontal resolutions varying from 11.1 km at the equator to
3.2 km at the northern boundary. There are 40 vertical levels.
The POP model was run from 1993 through 2000 and was forced with daily NOGAPS (Navy Operational
Global Atmospheric Prediction System) wind stresses and Barnier (1998) ECMWF climatological heat fluxes
with a thermal feedback term. It was initialized from an earlier North Atlantic POP simulation by Smith et al.
(2000). The Large et al. (1994) mixed layer formulation K-profile parameterization was active. Surface salinity
was restored to monthly Levitus (1982) values using a time scale of 30 days. At the lateral boundaries temper-
ature and salinity values were restored to monthly Levitus (1982) values. The POP output consists of three-day
averages of temperature, salinity, the horizontal components of velocity, and sea surface height.
The POM model was initialized with POP temperature, salinity, horizontal velocity components and sea
level elevation fields from 2 March, 1996. The sea surface temperature and velocity on this day are shown
in Fig. 12a: the Azores front and associated filaments and eddies are seen. The model output was then inter-
polated to the POM horizontal grid (see Fig. 12b) and to 21 vertical sigma levels, with the highest resolution
near the surface and the bottom in order to resolve the surface and bottom boundary layers.
This output was used as lateral forcing fields for POM, i.e., the lateral boundary forcing fields (temperature,
salinity, velocity components and elevation) were interpolated to the boundary grid points of POM. The
Fig. 12a. Initial surface temperature (C) fields interpolated for the NCCS POM model. Initial surface velocity (m s1) (arrows).
28 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36lateral boundary conditions were ingested every three days (the same frequency as the POP averages), while
the boundary condition POM fields were updated at every internal time step by linear interpolation.
The topography used in the POP simulation is ETOPO-5 interpolated to the model grid. We interpolated
this topography to the higher resolution POM grid. Even with higher resolution, the slope parameter was out-
side the range allowed for sigma coordinate models. As a result, the direct interactive method was used to
decrease the slope parameter to values of less than 0.2. The final topography used in the POM simulation
is shown in Fig. 12b.
Daily wind stresses from NOGAPS were interpolated to the horizontal POM grid and updated at every
internal time step producing smoothly varying surface forcing fields. The use of the time interpolated forcing
reduces the likelihood of exciting inertial oscillations in the model solution (Jayne and Tokmakian, 1997;
McClean et al., 2002). The temperature and salinity of the near-surface sigma level were restored to LEVITUS
94 climatology (Levitus and Boyer, 1994; Levitus et al., 1994) with a relaxation time scale of 30 days.
For the high temporal resolution initialization and forcing used in the one-way coupling of the POP and
POM models, a slightly modified version of boundary conditions developed by Marchesiello et al. (2001)
for the ROMS model in the CCS was used. Table 4 shows the modified boundary conditions.
Fig. 12b. POM bottom topography in color, depths in m. Every fifth grid line for the POM model is represented.
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The one-way coupling of the POP and POM models is now used to conduct a high temporal resolution
study. The evolution of the monthly wind stress in the NCCS region from March to September 1996 (e.g.,
Figs. 2b and 2c) is consistent with a seasonal cycle. Due to the positioning of the Azores High, the monthly
wind stress intensity is generally higher in the southern region of the model. As a result, in the northern region
of the model there is an increase in the monthly wind stress fromMarch to July decreasing afterwards, while in
the southern region of the model the monthly wind stress increases from March to August decreasing sharply
from August to September. In contrast the monthly wind stress in the Gulf of Cadiz generally remains lower
than both regions throughout the year.
The evolution of the surface temperature and currents for the same period (March to September 1996)
respond, as expected, to the changes in the wind stress. The equatorward surface coastal currents off the west
coasts of Morocco and the Iberian Peninsula are generally well correlated with the equatorward wind stress
(i.e., compare Figs. 2b and 2c with Figs. 13a and 13d, respectively).
The surface current off the southern coast of Portugal flows generally eastward. This current feeds almost
entirely through the Strait of Gibraltar, giving rise to one of the unique characteristics of this region, the
Table 4
Modified Marchesiello et al. (2001) boundary conditions with high temporal/spatial resolution data
Variables Passive regime Active regime Active and passive
T, Sa NPO No radiation Sponge layer
Weak nudging Strong nudging Nudging layer
u, vb NPO No radiation Sponge layer
Weak nudging Strong nudging
ua, vac NPO No radiation Sponge layer
Weak nudging Strong nudging Volume constraint
gd NPO No radiation Sponge layer
Weak nudging Strong nudging Nudging layer
Note that in a passive regime, the boundary solution is determined by the interior solution (outward propagation), while in an active
regime, the boundary solution determines the interior solution (inward propagation).
a T, S – temperature and salinity.
b u, v – 3D horizontal components of velocity.
c ua, va – 2D components of velocity.
d g – Surface elevation.
Fig. 13a. Monthly surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for April 1996 in Experiment 5. Contour at
200 m depth is shown.
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Fig. 13b. Monthly surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for May 1996 in Experiment 5. Contour at
200 m depth is shown.
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 31separation of the upwelling regimes. Note that the intensity of the current can fluctuate depending on which
components of the wind dominate. For example, when the wind stress has an eastward component, this cur-
rent intensifies to greater than 30 cm s1, while the intensity decreases sharply if the wind stress has a signif-
icant southward or westward component (not shown).
To the south, the coastal current off Morroco is always equatorward with the highest magnitudes in June
(Figs. 13c), July (Fig. 13d), August and September (not shown). The strongest upwelling and the generation of
filaments is found off Cape Ghir and Cape Bedouzza, showing the importance of the coastline irregularities in
the development of mesoscale features (e.g., Fig. 13d).
Between 34N and 36N, a relatively strong eastward jet 100 km wide (Figs. 13a and 13b), meanders
toward the Gulf of Cadiz. This flow is consistent with available observations of the Azores Current in this
region (e.g., LeTraon and de Mey, 1994). Note that this dynamic feature was not produced in the other
experiments which used climatological data at the open boundaries. Relatively strong thermohaline gradients
are also discernible as well as the relatively high mesoscale activity and velocities (on the order of 40 cm s1),
which are consistent with available observations (e.g., Pingree, 1997). The mean diameter of the eddies, which
is on the order of 100–150 km, is also consistent with available observations (e.g., LeTraon and de Mey, 1994).
Fig. 13c. Monthly surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for June 1996 in Experiment 5. Contour at
200 m depth is shown.
32 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36A time sequence of salinity and velocities at 1000 m depth is shown in a movie on the Elsevier website. The
Mediterranean Outflow is shown to follow the Iberian coast as far as Cabo da Roca where it subsequently
separates from the coast. There is relatively strong entrainment of the Mediterranean Outflow by North
Atlantic Waters with a consequent reduction in the salinity. Note the development of anticyclonic eddies
and their subsequent westward propagation, which are consistent with available observations of Meddies,
which are frequently observed off the Iberian Peninsula. These eddies are slightly larger than the observed
50 km diameter. The rotation period of 9–10 days is also slightly longer than available observations (6–
8 days) (e.g., Johnson et al., 2002). Since the grid resolution is 3 km and the diameter and rotation period
are closer to observations than those of Johnson et al. (2002), who used coarser resolution, these results sup-
port Johnson’s suggestion that finer horizontal resolution should result in closer agreement with available
observations.
7. Summary
Several process-oriented experiments of increasing complexity were conducted with a terrain-following
numerical ocean model (in this case the Princeton Ocean Model, POM) to investigate the simulation of clas-
Fig. 13d. Monthly surface temperature (C) (in color) and velocity vectors (m s1) (arrows) for July 1996 in Experiment 5. Contour at
200 m depth is shown.
M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36 33sical as well as unique physical features in the northern Canary Current system (NCCS), which has relatively
steep topography in the coastal region. The effect of wind forcing on a flat bottom using annually averaged
climatological winds in Experiment 1 was shown to be sufficient to produce classical eastern boundary current
(EBC) features as well as several unique NCCS features associated with a large embayment (i.e., the Gulf of
Cadiz) and with poleward spreading of Mediterranean Outflow. The additional effect of bottom topography in
Experiment 2 was shown to play an important role in intensifying and trapping the equatorward current near
the coast, in weakening the subsurface poleward current, and in intensifying eddies off the capes of Iberia. The
additional effect of a thermohaline gradient in Experiment 3 combined with the wind forcing and bottom
topography effects to more accurately (compared with the other experiments) depict poleward and equator-
ward surface currents and subsurface currents.
A comparison of the three experiments showed while all of the experiments produced a subsurface anticy-
clonic meander off Cabo da Roca, only Experiment 1, which had no bottom topography, produced this
feature off Cabo de Sao Vicente, and only Experiments 2 and 3 produced a meander off Figuera da Foz. While
a prominent topographic feature was shown to be responsible for the latter result, a boundary layer separation
theory was developed for an eastern boundary with and without bottom topography to explain the first two
34 M.L. Batteen et al. / Ocean Modelling 18 (2007) 1–36results. The formation of the subsurface meander off Cabo da Roca for all three experiments was attributed to
the combination of streamline curvature and the beta effect. The formation of the anticyclonic meander off
Cabo de Sao Vicente in Experiment 1 was attributed to the decreased radius of curvature for the coastline,
while the lack of formation for this feature in Experiments 2 and 3 was attributed to the increased radius
of curvature for the smoothed topography used in the model.
Based on these results, a new type of smoothing the topography recently developed by Martinho and Bat-
teen (2006), which better preserves the raw topography, was subsequently shown in Experiment 4 to produce
the anticyclonic meander off Cabo de Sao Vicente. This choice was then used in the final and most realistic of
the NCCS experiments, Experiment 5, in which a seasonal study was conducted from March to September
1996. Here daily winds and thermohaline forcing initialized on 2 March 1996 from a one-way coupled global
Parallel Ocean Program (POP) model were updated at the lateral boundaries of the POM model every three
days. The evolution of the surface temperature and currents responded, as expected, to the changes in the wind
stress, with equatorward surface coastal currents and relatively strong upwelling off the west coasts of Mor-
occo and the Iberian Peninsula. A predominantly eastward current, with little or no upwelling off the southern
coast of Portugal was generated which subsequently feeds through the Strait of Gibraltor, giving rise to one of
the unique characteristics of the region, the separation of the upwelling regimes to the north and to the south.
Between 34N and 36N, a relatively strong eastward jet meanders toward the Gulf of Cadiz. This flow is con-
sistent with available observations of the Azores Current in this region. Note that this dynamic feature was not
produced in the previous three experiments, which all used climatological data at the open boundaries. Lastly
the Mediterranean Outflow was shown to follow the Iberian coast as far as Cabo da Roca where it subse-
quently separated from the coast. To the south of Cabo da Roca, anticyclonic eddies, consistent with available
observations of Meddies, developed and subsequently propagated westward. Note that this feature was not
produced in the first two bottom topography experiments (i.e., Experiments 2 and 3). The results of these
process-oriented experiments emphasize that numerical models of ocean circulation require important choices,
which are both numerical and physical.
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